We demonstrate the production of organic bottom gate transistors with self-aligned electrodes, using only continuous roll-to-roll (R2R) techniques. The self-alignment allows accurate <5 µm layer-to-layer registration, which is usually a challenge in high-speed R2R environments as the standard registration methods are limited to the millimeter range-or, at best, to tens of µm if online cameras and automatic web control are utilized. The improved registration enables minimizing the overlap between the source/drain electrodes and the gate electrode, which is essential for minimizing the parasitic capacitance. The complete process is a combination of several techniques, including evaporation, reverse gravure, flexography, lift-off, UV exposure and development methods-all transferred to a continuous R2R pilot line. Altogether, approximately 80 meters of devices consisting of thousands of transistors were manufactured in a roll-to-roll fashion. Finally, a cost analysis is presented in order to ascertain the main costs and to predict whether the process would be feasible for the industrial production of organic transistors.
Introduction
Organic thin film transistors (OTFTs) are a promising candidate for low-cost flexible electronics due to their potential for low-temperature processing by printing, allowing plastic substrates and high-speed R2R processes to be used. The performance of small molecule or polymeric organic transistors has been steadily increasing, and state-of-the art mobility values for solution-processed transistors are already approaching or even exceeding 10 cm 2 V´1s´1 [1] [2] [3] . In addition to high performance, the whole process has to be scalable to industrial high-speed production. Otherwise, the potential for low cost cannot be utilized. Several examples of printed OTFTs already exist, as described in recent reviews [4] [5] [6] . However, fully R2R-processed transistors are still less frequently demonstrated [7] [8] [9] [10] [11] [12] . The production of fully printed OTFTs faces two main challenges: resolution and registration-especially in the R2R environment. High resolution is needed for minimizing the foot print of the transistor, which is important, e.g., in flexible display applications, and for decreasing the channel length, which would lead to higher switching speeds. Traditional printing processes are limited to a resolution of a few tens of µm [13] . For smaller dimensions, special R2R-compatible methods are needed, e.g., UV-nanoimprint lithography (UV-NIL) [14] or attoliter gravure printing [15] have been demonstrated in a sheet-to-sheet (S2S) process for flexible OTFTs. Channel lengths from 10 µm down to the sub-micrometer range have been achieved with these methods.
Smaller dimensions naturally also increase the challenges in registration, which can be improved up to a certain limit with online cameras and continuous adjustment of the web. However, the high-speed R2R printing machines are not capable for µm-scale registration, which is required for small-channel transistors, and thus other methods are needed. The most demanding step in the registration of transistor layers is the alignment between the gate and source and drain electrodes. It is important to control the relative position of source and drain and gate electrodes while minimizing the overlap. The overlap between electrodes induces parasitic capacitance-one of the reasons for low switching speed [16] -and also increases the risk of short circuits. The most promising method to deposit the source, drain and gate electrodes in register is to use self-alignment. Stadlober and her group have, for instance, demonstrated a self-alignment method to pattern the channel area with the help of a UV-NIL-processed gate electrode as the photolithography mask in a bottom gate OTFT structure [14, 17] . The S2S process demonstrated led to as little as a 200 nm overlap between electrodes. Also, the source and drain electrodes have been used as a photolithography mask to successfully align the gate electrode in a top gate OTFT structure [18] . In addition, e.g., a wetting-based roll-off process [19] or doping of polyaniline via UV-exposure [20] have been utilized to align source and drain electrodes with the gate.
The goal of this work was to test whether it is possible to transfer the nanoimprint lithography and self-alignment concept to a pilot scale R2R environment. The results show that the self-alignment process, using a gate electrode as a photolithography mask, can be transferred to a continuously moving R2R line with µm-scale overlap and used in fully R2R-processed transistor circuits. To be industrially viable, the OTFT process has to be cost-effective. Thus, in addition to the R2R process description, we present a cost scenario for R2R-processed transistor circuits, which gives an estimate for the production costs vs. production volume, and predicts when it is sensible to use a R2R process line or when a batch process is a better option.
Experimental Section

Materials
The transistors were deposited on a 30 cm wide and 125 µm thick heat-stabilized polyethylene terephthalate roll from DuPont Teijin Films (Hopewell, VA, USA). Graphical black ink from SunChemical (Espoo, Finland) was used as the printed lift-off mask, and Ag pellets for R2R evaporation were acquired from Kurt J. Lesker Company (Jefferson Hills, PA, USA). The photoresist (product ma-P1275), which was used in the self-alignment process, was provided by micro resist technology GmbH (Berlin, Germany). Photo-crosslinkable poly(methyl methacrylate) (PMMA) with a photoinitiator (product GRAPE014) and polymeric semiconductor (product GRAPE114) were received as ready solutions from BASF SE. Figure 1 shows the R2R machinery that was used in the production of the transistors. All equipment consists of pilot scale devices, capable of high throughput production. The hot embossing unit, shown in the middle, was initially tested for patterning the gate electrode in high (0.5-5 µm) resolution. However, nanoimprint lithography cannot provide residual-free patterns, at least with the R2R hot embossing tools. After several test runs, it also became clear that the imprint quality was still too inhomogeneous for high-speed removal of the residual resist layers, indicating that the high-speed R2R NIL process, using a hot embossing unit, is not compatible for producing µm-scale structures on such large areas. Thus, as described below, we produced the gate electrode with direct resist printing and lift-off, which can provide patterns varying from 25 to 70 µm, and concentrated on making the self-alignment technique work in the R2R process. Figure 2 also shows a schematic of the transistor structure, including the film thickness values and production methods for each layer. In addition to the transistors, the layout consisted of wirings and capacitors, representing the components needed in the front end of a radio-frequency identification (RFID) circuit. The following methods were used for the different layers in the transistor circuits, as also shown in Figure 3: 1 Bottom electrodes: The resist (graphical ink) was deposited as a patterned layer by flexographic printing with a speed of 10 m/min and 120˝C drying temperature, followed by Ag evaporation and lift-off for bottom electrode formation. The lift off process was performed in an ultrasonic bath using acetone as the solvent and a web speed of 0.3-0.5 m/min. Gate electrodes, bottom electrodes for the capacitors and wirings were manufactured in one step with a resolution varying from 25-70 µm for the gate to 1-3 mm for the wirings. 2 Dielectric: The insulating PMMA layer was deposited by reverse gravure coating and subsequent drying (140˝C) and inline crosslinking with UV light with a speed of 8 m/min. The process was repeated twice in order to achieve a film thickness of approximately 800 nm for the dielectric layer. 3 Top electrodes: The first resist (positive photoresist) was deposited by flexographic printing as a stripe, followed by reverse-side UV exposure through the substrate and development in a potassium hydroxide (KOH) solution for patterning the channel area. The gate was used as the photomask since the direct R2R registration is not accurate enough for such small µm-scale patterns. The speed of the photoresist printing process was 8 m/min, using a drying temperature of 140˝C. The reverse-side UV exposure step and development in KOH were performed at speeds of 10 and 2 m/min, respectively. The second resist (graphical ink) was printed by flexography with a speed of 10 m/min, and was used to pattern the rest of the top electrodes (capacitor and wirings). Here, the online registration was sufficient since the dimensions of the patterns are larger. Thus, we patterned the second resist directly in the printing process. The two resist layers were covered with a 100 nm thick Ag layer through R2R evaporation. Subsequently, a simultaneous lift-off process in acetone for both resists (UV-exposed photoresist and graphical ink) was used to finalize the metallization of the source and drain electrodes, top electrodes for the capacitors and the wirings. 4 Semiconductor: The polymeric semiconductor was deposited by reverse gravure coating on top of the transistor structures with a speed of 4 m/min, using a drying temperature of 90˝C. The process was repeated three times in order to achieve a film thickness of 60 nm. 1. Bottom electrodes: The resist (graphical ink) was deposited as a patterned layer by flexographic printing with a speed of 10 m/min and 120 °C drying temperature, followed by Ag evaporation and lift-off for bottom electrode formation. The lift off process was performed in an ultrasonic bath using acetone as the solvent and a web speed of 0.3-0.5 m/min. Gate electrodes, bottom electrodes for the capacitors and wirings were manufactured in one step with a resolution varying from 25-70 µm for the gate to 1-3 mm for the wirings. 2. Dielectric: The insulating PMMA layer was deposited by reverse gravure coating and subsequent drying (140 °C) and inline crosslinking with UV light with a speed of 8 m/min. The process was repeated twice in order to achieve a film thickness of approximately 800 nm for the dielectric layer.
Process Description
Top electrodes:
The first resist (positive photoresist) was deposited by flexographic printing as a stripe, followed by reverse-side UV exposure through the substrate and development in a potassium hydroxide (KOH) solution for patterning the channel area. The gate was used as the photomask since the direct R2R registration is not accurate enough for such small µm-scale patterns. The speed of the photoresist printing process was 8 m/min, using a drying temperature of 140 °C. The reverse-side UV exposure step and development in KOH were performed at speeds of 10 and 2 m/min, respectively. The second resist (graphical ink) was printed by flexography with a speed of 10 m/min, and was used to pattern the rest of the top electrodes (capacitor and wirings). Here, the online registration was sufficient since the dimensions of the patterns are larger. Thus, we patterned the second resist directly in the printing process. The two resist layers were covered with a 100 nm thick Ag layer through R2R evaporation. Subsequently, a simultaneous lift-off process in acetone for both resists (UV-exposed photoresist and graphical ink) was used to finalize the metallization of the source and drain electrodes, top electrodes for the capacitors and the wirings. 4. Semiconductor: The polymeric semiconductor was deposited by reverse gravure coating on top of the transistor structures with a speed of 4 m/min, using a drying temperature of 90 °C. The process was repeated three times in order to achieve a film thickness of 60 nm. 
Characterization
The R2R-produced transistors were characterized with KEITHLEY 2636 SYSTEM SourceMeter ® (Cleveland, OH, USA) in a normal laboratory atmosphere. A profilometer (Dektak 150, Veeco, Tucson, AZ, USA) was used for film thickness measurements, and the channel area was characterized in more detail with a field emission gun scanning electron microscope (FEGSEM) (Zeiss Merlin, Carl Zeiss Microscopy GmbH, Jena, Germany).
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Printing Process and Electrical Performance
The first process step, i.e., flexographic printing of resist, Ag evaporation and lift-off, gave 25-70 µm wide gate electrodes and 1-3 mm wide wirings in one step. Even though simple one-step additive printing methods are capable of producing patterns and gaps with a resolution of 25-70 µm, we chose to use the three-step flexo printing, evaporation and lift-off process for the gate electrode due to the following reasons: (i) Directly R2R-printed metallic nanoparticle inks cannot provide as smooth and spike-free layers as evaporated metal layers, which would increase the risk of short circuits; (ii) The self-alignment process requires a completely non-transparent gate electrode layer-especially at the edge area. Electrodes, which have been prepared by evaporation and lift-off, have sharp edges and the Ag thickness does not decrease at the edge area. Printed metallic nanoparticle inks were considered to have more risk for semi-transparent edge areas, which would be harmful for the reverse-side UV exposure step and might cause scattering of light. (iii) Ultimately, the goal is to decrease the channel length below 25 µm with the help of nanoimprinting techniques. The flexo printing, evaporation and lift-off process is the closest available method to mimic that process and it helps us to understand the requirements for the lift-off and self-alignment techniques.
The next step, i.e., dielectric coating and inline crosslinking with UV light, produced an 800 nm thick insulating layer in two subsequent runs. The photoresist, creating channel areas for top source and drain electrodes, was flexographically printed and patterned by using the gate electrodes as the photomask with UV exposure through the substrate with a special reverse-side exposure setup built in the printing line. The footprint of source and drain electrodes and wirings for the electrodes were patterned similarly to the bottom electrodes. The results showed that it was possible to use two different resists in one lift-off step, since both of the resists could be removed in a single evaporation and lift-off step in acetone, giving continuous Ag patterns.
Finally, the reverse gravure coating for the semiconductor resulted in a continuous layer on the channel area, finalizing the bottom gate transistor structures. The selected ink and engravings (7.8 mL/m 2 ) produced as low as 20 nm layer thickness in one printing run, which is too low for reliable transistor operation. In this work, we used three coating cycles to overcome the problem and to achieve a 60 nm thick semiconducting layer. Thus, if reverse gravure coating is to be used in future work, the suggestion is to use a higher volume in the cylinder, which would allow achieving the required film thickness with one coating step. However, another option would be to print the semiconducting layer with forward gravure, as the GRAPE114 semiconducting polymer ink can be successfully R2R-printed with the standard forward gravure printing technique in just one step [8] . Reverse gravure coating was selected for this process, since one of the goals was to study whether the reverse gravure technique is also suitable for transistor applications. Reverse gravure coating is not as sensitive to the rheology of the ink as forward gravure printing, which would also allow more challenging inks to be deposited in a R2R process. Thus, the benefit of using reverse gravure printing would be the ability to choose the formulation more freely, while forward gravure printing often requires careful optimization of the ink and the engravings. However, reverse gravure is a coating technique, i.e., it cannot produce patterned structures, which are needed for high-performance transistors. Thus, forward gravure (or another printing technique) is the recommended method for the semiconducting layer, if the ink rheology allows. Nevertheless, reverse gravure coating remains an option for challenging inks. Figure 4a shows a photograph of one repeat unit of the roll, which contains four transistor circuits with the same layout but different channel lengths, i.e., 25, 40, 60 and 70 µm. Each quarter contains three transistors (marked in the photograph with black squares), wirings and capacitors. Two types of registration marks were used to control the registration both in the machine and cross direction during the run. The gate electrode is too small to be visible in the photograph and thus we used SEM to study the channel area in more detail. The SEM image in Figure 4b shows that the source and drain electrodes are self-aligned with the gate electrode, and the overlap between the electrodes is approximately 2 µm, as shown with the brighter color where the two 100 nm thick Ag electrode layers are on top of each other. The channel dimensions and yield values for complete transistors are collected in Table 1 , which shows that the yield improves when the channel length increases. The sampling size of the mapping was 24 units, containing 24 individual transistors in all quarters. The stacking of different layers, i.e., registration, which generally causes loss of yield, was overcome with the self-alignment concept and flexible design, and it did not lead to any failures in the devices. The failure mechanisms of TFTs were purely short circuits and leakages between source and drain and between gate and source/drain electrodes. The data shows that with this transistor structure, the 25 µm sized gate was too narrow for a reliable R2R process: even though parts of the 25 µm channel structures were patterned successfully (as seen in the SEM image in Figure 4b ), all of the complete transistors were nonfunctional in this quarter, i.e., the process was not consistent in the large, approximately 12 mm wide channels. Most of these structures were short-circuited between the source and drain electrodes, which means that the flexo printing, evaporation and lift-off step for the gate did not produce continuous lines or the lift-off process for the source and drain electrodes was not reliable for narrow gaps. For longer channels (60-70 µm), the process works better with approximately 65% yield. With these channel lengths, approximately 80% of the nonfunctional transistors still had problems with source and drain electrodes and the rest were leaking between the gate and source/drain. One of the ways to improve the self-alignment process would be minimizing the dielectric thickness, which would lead to decreased scattering of light during the reverse-side UV-exposure through the The channel dimensions and yield values for complete transistors are collected in Table 1 , which shows that the yield improves when the channel length increases. The sampling size of the mapping was 24 units, containing 24 individual transistors in all quarters. The stacking of different layers, i.e., registration, which generally causes loss of yield, was overcome with the self-alignment concept and flexible design, and it did not lead to any failures in the devices. The failure mechanisms of TFTs were purely short circuits and leakages between source and drain and between gate and source/drain electrodes. The data shows that with this transistor structure, the 25 µm sized gate was too narrow for a reliable R2R process: even though parts of the 25 µm channel structures were patterned successfully (as seen in the SEM image in Figure 4b) , all of the complete transistors were nonfunctional in this quarter, i.e., the process was not consistent in the large, approximately 12 mm wide channels. Most of these structures were short-circuited between the source and drain electrodes, which means that the flexo printing, evaporation and lift-off step for the gate did not produce continuous lines or the lift-off process for the source and drain electrodes was not reliable for narrow gaps. For longer channels (60-70 µm), the process works better with approximately 65% yield. With these channel lengths, approximately 80% of the nonfunctional transistors still had problems with source and drain electrodes and the rest were leaking between the gate and source/drain. One of the ways to improve the self-alignment process would be minimizing the dielectric thickness, which would lead to decreased scattering of light during the reverse-side UV-exposure through the dielectric. However, based on SEM images (as in Figure 4b ), scattering is not the main problem and it becomes important only if channel length decreases below 5 µm. Thus, the best way to improve the yield would be to concentrate on the gate process to guarantee continuous narrow lines, and, in addition, focus on the source/drain lift-off step in order to find optimal lift-off solvent and resist combinations for the process. Despite the limitations with the short channel lengths, demonstration of the self-alignment concept of metallic electrodes in a continuous R2R process is already a significant improvement and a step towards high throughput, large-scale production of flexible OTFTs. A summary of the electrical characteristics for transistors with the 70 µm channel length is given in Table 2 . The mobility achieved is moderate, partly due to the uncovered semiconductor layer, which is constantly exposed to air, and partly due to the usage of Ag as the electrode material, which is known to cause significant contact resistance. Similar material combinations have previously shown mobility of approximately 0.02 cm 2 /(Vs) in R2R-processed top gate transistors with Ag electrodes, where the semiconductor was protected from air exposure by the dielectric [8] . However, these results show that the self-alignment concept can produce working transistors when transferred to a continuous R2R process environment, which is an important demonstration of feasibility of R2R processes for µm-scale registration. 
Cost Analysis
The information about materials, tooling (printing cylinders, etc.) and energy consumption during the printing runs, as well as investment, facility and labor costs, was used to prepare a cost analysis for R2R production of imaginary 5 cmˆ5 cm sized flexible transistor circuits, each containing a few hundred transistors. This circuit structure represents a level of complexity comparable to that of an RFID tag. It should, however, be noted that the performance and size of the transistors presented here is not yet sufficient for realization of circuits having hundreds of transistors and the process was used just as a model for estimating the production costs.
The web speed in this assessment was set to 5 m/min, which is a typical average value for R2R production of printed electronics. The web width in the calculations was 20 cm, while the effective width available for the circuits was 15 cm. These widths are typical of research or pilot-scale production facilities, whereas in actual production the web width can easily be half a meter or more. Even with the modest speed and limited web width taken with our example, up to 100,000 flexible circuits can be produced during one work shift and around 30 million can be produced annually. Having a web width of 50 cm, over 100 million flexible circuits can easily be produced in a year.
The material costs were calculated using actual prices and amounts for the materials used. However, for the semiconductor we used an estimated price of 422 €/g, which corresponds to the cost of poly(3-hexylthiophene-2,5-diyl), representing a widely used commercially available polymeric p-type semiconductor material. An average of 84% of solvent recycling was assumed. In addition, recovery of excess Ag from the evaporation chamber was assumed. The results are summarized in Figure 5 , which shows the total production costs (€/piece) as a function of annual production volume. In addition, the cost structure is opened for two cases, i.e., for a production volume of 500,000 or five million circuits/year. The graph shows that the most important cost driver is the production volume. With low production volumes-below 100,000 pieces annually-the total production costs per piece are very high and dominated by the fixed costs. To be economically viable, the production volumes need to be up-scaled to hundreds of thousands or millions in order to minimize the contribution of fixed costs. Thus, the analysis suggests that a S2S batch process is preferred for annual production volumes of 100,000-200,000 or less.
The material costs dominate when the production volume reaches one million pieces/year or more. For a five million annual production volume, the costs are~0.42 €/piece, where 72% of the costs (0.3 €/piece) are due to materials. With current prices and using recycling of Ag, the material costs are highly dependent on the semiconductor price, which represents 85% of the total material costs (0.26 €/piece). As the semiconductor price is seen to decrease for large production volumes, it is possible to reduce the total costs below 0.20 €/piece in the future, using an estimated price of 42 €/g for the semiconductor (one-tenth of the current price). The fixed costs for a five million annual production are estimated to be 0.12 €/piece, which sets the lowest limit for the flexible circuit price. circuits can be produced during one work shift and around 30 million can be produced annually.
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Conclusions
We have shown that the self-alignment process, which uses a metallic gate electrode as a photolithography mask, can be transferred to a continuous R2R process. Currently, with an 800 nm thick dielectric layer, the R2R process leads to as low as 2 µm overlap for the gate and source/drain electrodes and shows one solution to overcome the registration limitations in a R2R line. Self-alignment is especially important in transistors since the channel area is small and the printing machines are not capable of such accurate µm-scale registration. The functionality of the electrodes and the self-alignment concept was demonstrated in fully R2R-processed organic transistors.
In addition to the transistors, the printing layout consisted of capacitors and wirings, which helped us to understand the challenges in R2R production of transistor circuits. This information was used to prepare a cost analysis for the production of transistor circuits with a level of complexity similar to an RFID tag. The cost analysis showed that R2R production of organic transistor circuits becomes profitable only with large production volumes, i.e., more than one million pieces/year. In the case of five million pieces/year, the cost for one flexible circuit is 0.42 € where 72% of the costs come from the materials. With high production volumes and current material pricing, the main cost driver is the semiconductor, which covers 85% of the material costs with an estimated price of ca. 400 €/g. With large production volumes, the material costs will also decrease, resulting in prices below 0.20 €/piece.
